Many Proteobacteria produce acyl-homoserine lactones (acyl-HSLs) and employ them as dedicated cell-tocell signals in a process known as quorum sensing. Previously, Variovorax paradoxus VAI-C was shown to utilize diverse acyl-HSLs as sole sources of energy and nitrogen. We describe here the properties of a second isolate, Arthrobacter strain VAI-A, obtained from the same enrichment culture that yielded V. paradoxus VAI-C. Although strain VAI-A grew rapidly and exponentially on a number of substrates, it grew only slowly and aberrantly (i.e., linearly) in media amended with oxohexanoyl-HSL as the sole energy source. Increasing the culture pH markedly improved the growth rate in media containing this substrate but did not abolish the aberrant kinetics. The observed growth was remarkably similar to the known kinetics of the pH-influenced half-life of acyl-HSLs, which decay chemically to yield the corresponding acyl-homoserines. Strain VAI-A grew rapidly and exponentially when provided with an acyl-homoserine as the sole energy or nitrogen source. The isolate was also able to utilize HSL as a sole source of nitrogen but not as energy for growth. V. paradoxus, known to release HSL as a product of quorum signal degradation, was examined for the ability to support the growth of Arthrobacter strain VAI-A in defined cocultures. It did. Moreover, the acyl-HSL-dependent growth rate and yield of the coculture were dramatically superior to those of the monocultures. This suggested that the original coenrichment of these two organisms from the same soil sample was not coincidental and that consortia may play a role in quorum signal turnover and mineralization. The fact that Arthrobacter strain VAI-A utilizes the two known nitrogenous degradation products of acyl-HSLs, acyl-homoserine and HSL, begins to explain why none of the three compounds are known to accumulate in the environment.
Many bacteria control and modulate their physiology in response to increases in their population density by producing and monitoring the accumulation of signal molecules. This phenomenon has become known as quorum sensing (reviewed in references 8 and 26) . A variety of Proteobacteria use acylhomoserine lactones (acyl-HSLs) as quorum signals. Many different acyl-HSL structures have been elucidated, as have the many enzymes and proteins required for their synthesis and perception (10, 27, 29, 35) . Although only low nanomolar concentrations of these signals are required for luciferase induction by Vibrio fischeri (16) , acyl-HSLs must accumulate to local concentrations in excess of 1 M to elicit a quorum response in many terrestrial quorum-sensing bacteria (1, 44) . Furthermore, acyl-HSLs have been documented to reach concentrations on the order of 10 M in laboratory cultures (7, 30, 32) and have been reported to accumulate to nearly 1 mM in a biofilm (3) . However, little is known about the local concentrations acylHSLs achieve in nonlaboratory environments, although presumably they must reach similar concentrations, if at least transiently, for quorum sensing to function in nature. There is no evidence that acyl-HSLs accumulate anywhere over long periods, and there are many reasons why they might not. If they did, quorum-sensing regulatory networks would malfunction during and after downward fluctuations in population density. Moreover, acyl-HSLs are not recalcitrant to chemical and biological decomposition.
Acyl-HSLs are chemically inactivated via alkaline hydrolysis that yields the cognate acyl-homoserine (42) , yet they are considerably more stable in aqueous solutions for weeks or months at pH values of 5 to 6 (34) . Inasmuch as environments with a pH of 6 or less are not uncommon, it stands to reason that chemical degradation alone cannot serve to account for why acyl-HSLs do not accumulate in the environment over long periods. Not surprisingly, acyl-HSLs are now known to be subject to biological inactivation (Fig. 1) . Analogous to the chemical ring hydrolysis, acyl-homoserine is generated at accelerated rates by acyl-HSL lactonases encoded by Bacillus cereus (and its close relatives) and by Agrobacterium tumefaciens (5, 46) . None of these strains have been demonstrated to degrade the molecule further, and no net oxidation occurs during this inactivation reaction. However, there is reason to think that oxidative signal degradation might occur, e.g., during the utilization of acyl-HSL C or N as growth nutrients. The micromolar concentrations of acyl-HSLs often required for quorum sensing to occur equate to ca. 1 mg of organic carbon ⅐ liter Ϫ1 . This is well above the mark that is often cited as being the lower cutoff for growth metabolism by oligotrophic microbes, 100 g of organic carbon ⅐ liter Ϫ1 (31) . In contrast to the aforementioned ring degradation mechanism, the amide bond is now known to be subject to degradation by acyl-HSL acylases, i.e., during the utilization of quorum signals as growth nutrients by the bacterium Variovorax paradoxus (22) . The acyl moiety is then metabolized as an energy substrate, whereas the HSL is released as a product into the culture fluid (20, 22) . By a mechanism yet to be elucidated, HSL can very slowly be utilized as a nitrogen source by this bacterium under conditions of N limitation.
Little else is known about the metabolism or environmental fate of either acyl-homoserine or HSL, the aforementioned chemical and biochemical degradation products of acyl-HSL quorum signals. HSL is known to be subject to degradation by a mammalian enzyme, paraoxonase (13, 17) . Here, we report that HSL and acyl-homoserine, the two known nitrogenous breakdown products of acyl-HSL quorum signals, are rapidly utilized as energy and nitrogen sources, respectively, by a novel soil isolate.
MATERIALS AND METHODS
Bacterial strains, media, and culture conditions. The bacterial strains used were Arthrobacter strain VAI-A and V. paradoxus VAI-C (22) . For routine maintenance of Arthrobacter strain VAI-A and V. paradoxus VAI-C, we used 5 g (wt/vol) of yeast extract (Difco) ⅐ liter Ϫ1 in deionized, distilled water. For growth experiments, a defined medium was used as described previously, except that it contained sodium sulfate, not sulfite, which was a typographical error in the reported recipe (22) , as the S source. Unless noted otherwise, the medium was buffered to a pH of 5.5 with 5 mM 2-(n-morpholino)-ethanesulfonic acid (MES) (MES 5.5 medium). Growth substrates were added aseptically to sterilized, vitamin-amended medium as indicated.
The stock solution of 100 mM n-3-oxohexanoyl-L-homoserine lactone (3OC6HSL; Sigma) was in ethyl acetate acidified with glacial acetic acid (0.01%, vol/vol) and stored at Ϫ20°C. For liquid media, the acyl-HSL was dispensed into sterile tubes, the ethyl acetate was removed by evaporation under a stream of nitrogen gas, and sterile medium was added to the dried acyl-HSL that remained. Cells were grown in 5 ml of medium in 18-mm-diameter tubes with shaking at 30°C unless otherwise noted. Acyl-HSL molecules are stable for 20 to 30 days under the conditions of low pH in our defined medium (34; A. Eberhard, personal communication). A 50 mM acyl-homoserine (N-3-oxohexanoyl-L-homoserine) solution was generated by degrading its parent acyl-HSL via incubation in 250 mM 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (CAPSO) buffer (pH 9.6) for 24 h. This treatment yielded the expected, corresponding acyl-homoserine as confirmed by reverse-phase liquid chromatography-mass spectrometry (LC-MS). Measurements were performed at the California Institute of Technology's Environmental Analysis Center with a Hewlett Packard 1100 Series LC-MS running a methanol-water-acetic acid (50%:49%:1%, vol/ vol/vol) mobile phase isocratically at 0.5 ml ⅐ min Ϫ1 . Stock solutions of HSL (100 mM; Sigma) were prepared, just prior to their use, from well-desiccated reagent stored at Ϫ20°C. That no homoserine contamination was present in the stock solution was verified via thin-layer chromatography and ninhydrin staining (15) .
Growth studies. All optical density measurements were performed at 600 nm by using a Spectronic 20 instrument. Viable cell counts were achieved by plating samples from 10-fold serial dilutions of cultures. Molar growth yields attributable to utilization of acyl-homoserine and other substrates as energy sources were determined in NH 4 Cl-replete MES 5.5 medium containing the indicated substrate at a final concentration of 1 mM. The influence of acyl-homoserine concentration on growth rate was examined in ammonium-replete medium containing 0 to 2 mM concentrations of substrate. Growth yields with nitrogen sources other than ammonium were determined in a medium containing 20 mM sodium succinate as the energy source. The nitrogen sources used in place of NH 4 Cl were HSL (at concentrations of 0 to 10 mM) or homoserine (at concentrations of 0 to 10 mM) or DL-3OC6-homoserine (0 to 2 mM). A factor for converting optical density to cell dry mass was determined by using cells grown in a medium containing succinate as the energy source and NH 4 Cl as the nitrogen source, washed with 50 mM ammonium acetate buffer (pH 5.5), and then dried to a constant weight. Experiments were done at least twice.
The effects of HSL and homoserine as potential inhibitors of Arthrobacter strain VAI-A growth were determined in NH 4 Cl-replete medium containing 2 mM sodium succinate as the energy source. HSL was added in increments of 1 mM between 0 to 15 mM; homoserine was added in identical increments to media. The initial rates of growth as a function of inhibitor concentration were determined. Experiments were performed in duplicate for each concentration.
For initiation of cocultivation studies, monocultures of each strain were first grown overnight in MES 5.5 medium containing 2 mM succinate and 100 M NH 4 Cl. Strains were inoculated or coinoculated into 3OC6HSL-containing MES 5.5 medium to an initial optical density of ca. 0.05. Alternatively, established cocultures were transferred (1%, vol/vol) into like media. The characteristics of growth of the mono-and cocultures were examined in both ammonia-replete and ammonia-free MES 5.5 media.
Nucleotide sequence analysis of the 16S rDNA. The nucleotide sequence (1,443 bp) of a PCR-amplified fragment of the 16S rDNA of strain VAI-A was determined using previously described procedures (21, 22) .
Nucleotide sequence accession numbers. The above-mentioned sequence has been submitted to GenBank and assigned accession no. AY145731. The GenBank accession numbers for the other sequences discussed (see Fig. 3 
RESULTS
General properties of strain VAI-A. Details of the enrichment and isolation of bacteria from a vitamin-free basal enrichment culture containing 3OC6HSL have been described previously (22) . Briefly, three isolates were obtained from a single enrichment culture inoculated with soil. One of these, strain VAI-B, did not grow in medium containing 3OC6-HSL and subsequently was lost from culture. A second strain, VAI-A, grew only very slowly in medium containing 3OC6-HSL as the sole energy and nitrogen source and was chosen here for further study. All experiments reported here were performed at 30°C, as cultures grew only poorly at 37°C. In either yeast extract broth or a defined medium containing succinate as the energy source, strain VAI-A grew exponentially, with an 80-to 90-min doubling time. On yeast extract medium, the isolate formed flat, white colonies that yellowed and produced an aroma of grapes upon aging. Cells from broth cultures were pleomorphic coccobacilli and were often branched (Fig. 2 ). Cells were observed to be phase bright during exponential growth but phase dark and coccoid after extended incubation. Cells were never observed to be motile. The relationship of optical density to dry weight of cell material was determined to be 418 g ⅐ ml Ϫ1 at an optical density at 600 nm of 1.0 (measured on a Spectronic 20 using 18-mmdiameter glass culture tubes). As no members of the phylum Actinobacteria (see below) are known to produce acyl-HSLs, strain VAI-A was not examined for this property. 
Phylogenetic analysis of VAI-A.
A nearly complete sequence for the 16S rDNA was obtained. The sequence corresponds to Escherichia coli 16S rRNA nucleotide positions 28 to 1489. Web-based similarity searches against the GenBank and Ribosomal Database Project databases suggested that VAI-A belonged to the Actinobacteria (i.e., high GϩC gram positives), clustering with species belonging to the genus Arthrobacter. The 16S rDNA of VAI-A shared 98.5 to 99.4% sequence identities with the 16S rDNAs of A. ilicis, A. histidinolovorans, A. aurescens, A. nicotinovorans, and two less well-characterized, carbaryl (pesticide)-degrading strains. A further phylogenetic analysis supported the conclusion that VAI-A is an Arthrobacter species. Strain VAI-A clustered tightly with the aforementioned species within the A. agilis subgroup when the FastDNAML, Maximum Likelihood, Phylip Maximum Parsimony, and DeSoete Distance treeing algorithms were employed (data not presented). A Tree-Puzzle 5.0 likelihood method was employed for the construction of the phylogram presented in Fig. 3 .
Growth in medium containing 3OC6HSL or 3OC6-homoserine as the sole energy source. Pure cultures of Arthrobacter strain VAI-A grew poorly in 3OC6HSL-containing medium, even when it was amended with NH 4 Cl and vitamins. We were unable to ascertain a doubling time for cultures grown on this substrate, as biomass did not accumulate in an exponential manner. Rather, culture biomass accumulated at a decelerating, linear rate (Fig. 4A) . Since acyl-HSLs are subject to pHinfluenced half-life decay to the corresponding acyl-homoserine, we examined the influence of pH on growth and whether the cells might be using the signal degradation product, not acyl-HSL itself. The growth rate of strain VAI-A in 3OC6HSL-containing medium improved markedly when the pH was increased, but this did not resolve the aberrant kinetics (Fig. 4A) . However, the growth kinetics at the two pH values were closely parallel to the expected rates of the generation of acyl-homoserine degradation product from the parent acyl-HSL at similar pH values (Fig. 4B) . The growth data fit the following expression:
Ϫkt ), where Y t is the cell yield in grams at time t, t is the time elapsed since substrate addition and culture inoculation, Y 0 is the cell inoculum in grams at time zero, Y mol is 152 g of dry biomass ⅐ mol of 3OC6-homoserine Ϫ1 (see below), C 0 is the amount of 3OC6HSL in moles at time zero, and k is 0.693/T 1/2 (T 1/2 is the half-life, in days, of 3OC6HSL at a given pH, reported to be 10 [7 Ϫ pH] ). The lines fit to the growth data, yielding r 2 values of 0.995 and 0.988 when T 1/2 values of 22.8 and 0.89, respectively, and pH values of 5.5 and 7.2, respectively, were plugged in.
When strain VAI-A was incubated in MES 5.5 medium containing 3OC6-homoserine as the sole carbon source, the aberrant kinetics were resolved: strain VAI-A grew exponentially, with a doubling time of 4.1 h (Fig. 4C) . The growth rate decreased when the initial 3OC6-homoserine concentration was lowered (data not presented). Strain VAI-A exhibited a batch culture K s of 166 Ϯ 4 M 3OC6-homoserine when this substrate was used as the sole energy source. The growth rates and molar yields of strain VAI-A that were obtained using several substrates are listed in Table 1 .
Utilization of HSL, homoserine, and acyl-homoserine as nitrogen sources for growth. Arthrobacter strain VAI-A, although unable to use acyl-HSL, was capable of growth when free HSL was used as the sole source of nitrogen. When the strain was presented with excess succinate as an energy source and limiting amounts of HSL as the N source, the growth yield varied strictly as a function of HSL concentration (data not presented). The molar growth yield of strain VAI-A in succinate-replete medium with HSL as the sole N source was 437 g (Fig. 5) . From this result, it was inferred that Arthrobacter strain VAI-A exhibits a batch culture-derived K s for HSL of 126 Ϯ 13 M. The influence of limiting homoserine or ammonium (as sole N nutrients) on growth rate and yield was also examined. The doubling times (80 to 90 min) and molar yields attained were comparable to those seen when HSL was used. For either ammonium or homoserine at the concentrations tested, it was not possible to infer a K s value from the data. Growth of strain VAI-A using succinate plus 3OC6-homoserine as the sole N source was considerably slower than that seen when the other sources were used (3.1-h doubling time); the impact of decreased acyl-homoserine concentration on N-limited culture growth kinetics was not examined.
Because both HSL and homoserine (the product of HSL degradation by mammalian enzymes) have been reported to be inhibitors of growth of E. coli (45), we examined the possibility that elevated concentrations of these nutrients might impede the growth of our isolate. Strain VAI-A was grown in ammonium-replete MES 5.5 medium containing 2 mM succinate as the energy source and various concentrations of HSL or homoserine as potential growth inhibitors. HSL, but not homo- serine, markedly depressed culture growth rates when amended in concentrations greater than 3 to 4 mM (Fig. 6 ). Growth was not observed at HSL concentrations in excess of 10 mM. The influence of HSL concentration as an inhibitor of growth followed a Michaelis-Menten kinetic relationship. The apparent K i of HSL was 8.3 Ϯ 2.1 mM. Homoserine had no apparent influence as an inhibitor of growth at any of the concentrations tested, i.e., Յ15 mM. Consortial degradation of quorum signals. Because they were both isolated from the same original enrichment but were not apparently in competition for the same substrate (3OC6HSL) provided with it, we compared the characteristics of monocultures and defined cocultures of strains VAI-A and VAI-C growing in 3OC6HSL-containing media. When 3OC6HSL was provided to cultures as a sole C source in ammonium-replete MES 5.5 medium, the biomass yield of cocultures markedly surpassed that of either of the monocultures (Fig. 7) . As a function of optical density, the growth yields of cocultures were reproducibly 1.8-and 6.3-fold greater than those of V. paradoxus VAI-C and Arthrobacter strain VAI-A, respectively, when grown alone and 1.4-fold greater than the sum of their individual yields. The biomass doubling time of the coculture (ca. 4 h) was nearly identical to that of Variovorax grown alone, although this is not clearly seen in Fig.  7A , which plots optical density increases on an arithmetic scale to underscore the substantial differences in growth yields. The growth rates of both strains growing in coculture were determined via the viable cell counts. The colony morphologies of the two strains were distinct and thus easily differentiated. The growth rate of Arthrobacter strain VAI-A was markedly en- hanced during cocultivation (Fig. 7B ), improving to a 4.5-h doubling time from its aberrant growth on acyl-HSL as a pure culture, as discussed above. During cocultivation, cells of Variovorax outnumbered those of Arthrobacter by a ratio of 3 to 2 during early exponential growth (Fig. 7B ). This ratio increased throughout growth but never exceeded 4 to 1. These coculture attributes were stably maintained after three successive 1% (vol/vol) transfers of the consortium into fresh growth medium. When 3OC6HSL was provided to cultures as the sole C source and N source, the beneficial effects of cocultivation were even more pronounced (data not shown). Not only were biomass yields stimulated in a fashion similar to that reported above, but the biomass doubling time exhibited by cocultures improved to ca. 4 h, surpassing that of Variovorax grown alone under identical conditions (Ͼ18 h). Viable cell counts indicated that, when the consortium utilized 3OC6HSL as the sole C source and N source, both species occurred at nearly equal ratios throughout growth.
DISCUSSION
We isolated a bacterium capable of degrading and utilizing the two known nitrogenous breakdown products of acyl-HSL quorum-sensing signals. Strain VAI-A belongs to the genus Arthrobacter, members of which are commonly encountered soil oligotrophs that are most closely related to other members of the A. agilis subgroup (19) . In the contexts of the ribosomal sequence diversity of those species to which it is most closely related and of its novel physiological traits, strain VAI-A may represent a novel species. This isolate was able to utilize 3-oxohexanoyl-homoserine, but none of the tested acyl-HSLs, as both an energy and nitrogen source. 3-Oxohexanoyl-homoserine, like other acyl-homoserines, is generated by the chemical decomposition of its corresponding acyl-HSL under alkaline conditions and also by acyl-HSL lactonases encoded by a variety of bacteria (4, 6, 24, 33, 46) . To our knowledge, this is the first demonstration that any acyl-homoserine is degraded by a biological or chemical catalyst.
We were initially puzzled by the slow growth of strain VAI-A in medium containing 3OC6HSL as the sole energy nutrient, especially since the strain grew very rapidly in both yeast extract broth and defined medium supplemented with other energy substrates. Inspection of growth curves revealed that the classical exponential growth equation was a very poor fit for the growth data. Many textbooks discuss nonexponential growth, alternatively known as linear or aberrant growth. However, consider the commonly cited equation for aberrant growth: Y t ϭ Y 0 ϩ kt, where Y t and Y 0 are the cell yields at time t and time zero, respectively; k is a constant for some relevant, fixed catalytic capacity of the cell population; and t is the time elapsed since the inoculation of the culture. This equation poorly described the observed growth kinetics, which appeared to constantly decelerate. The realization that strain VAI-A was likely utilizing 3OC6-homoserine and not the parent acyl-HSL provided prompted us to examine another model of nonexponential growth:
Ϫkt ) (for definitions of the variables, see Results).
In this model, growth kinetics are influenced by how rapidly a growth substrate is generated via the half-life decay of its nonutilizable chemical precursor, in this case acyl-HSL. This serves to explain the observed decelerating growth rate as a case of the diminishing returns of half-life decay. When the potential doubling time of a cell population supercedes that delivery rate, as was observed in our experiments, then growth rapidly becomes substrate limited and parallels the substrate delivery rate (Fig. 4) . In the case of the generation of acylhomoserine, pH and precursor (acyl-HSL) concentration markedly influence this delivery rate and thus the kinetics of growth. We note that such effects of pH and substrate concentration on growth are very different from what are presented in the commonly cited examples. That is, the effect of pH in this case is chemical and not necessarily biological, i.e., not related to the pH optimum for growth of the given strain. Indeed, Arthrobacter strain VAI-A generally exhibited a rather broad pH optimum, growing exponentially and equally rapidly on succinate and other substrates at pH values of 5.5 and 7.2 (data not presented). Similarly, the effect of the initial precursor concentration on the growth kinetics is not necessarily related to the affinity of the biochemical systems involved in the transport and degradation of the substrate. Rather, the effect is related to how much of the actual growth substrate is yielded as a function of the half-life decay of a chemical precursor. We note that the half-lives of acyl-HSL deduced from these growth experiments (22.3 and 0.9 days, respectively, at pH 5.5 and 7.2) are reasonably similar to the values of 30 and 0.63 days predicted by using the equation T 1/2 ϭ 10 (7 Ϫ pH) , with T 1/2 in days (34; A. Eberhard, personal communication). We do not know whether the biological consumption of acyl-homoserine influences the half-life kinetics.
The mechanisms by which our isolate or any other biota degrade acyl-homoserine are not yet known. One possibility would involve an initial attack on the amide bond by an acylhomoserine acylase, i.e., release of the cognate fatty acid and homoserine (both of which are subject to rapid utilization by this isolate). Alternatively, it might first be incompletely oxidized to acyl-aspartate and thereafter degraded by an aspartoacylase, representatives of which are found widely distributed across diverse biota (11, 25) . By whatever mechanism, the amino acid from acyl-homoserine appears to be metabolized by strain VAI-A. Cultures of this bacterium did not accumulate ninhydrin-reactive material in the culture fluid. Moreover, this bacterium achieved a molar growth yield of 152 g of dry cell material ⅐ mol of 3OC6-homoserine Ϫ1 . In contrast, the molar yield of V. paradoxus strain VAI-C grown on 3OC6HSL was ca. 40% less (22) : 95 g of dry cell material ⅐ mol of 3OC6HSL Ϫ1 . However, V. paradoxus does not use the 4-carbon lactone ring as a growth nutrient. Instead, it releases HSL into the extracellular milieu. Thus, it utilizes only 6 of the available 10 carbons. Taking into account this incomplete oxidation of 30C6HSL by Variovorax, we found that each strain achieved similar, normalized yields of 15 to 16 g of dry cell material ⅐ mol of carbon utilized Ϫ1 . We found that Arthrobacter strain VAI-A utilized HSL quite rapidly as an N source. Other than that V. paradoxus VAI-C can assimilate lactone nitrogen very slowly, little is known about the biodegradation of the nonstandard amino acid homoserine lactone. We do not know the mechanism by which HSL is degraded by any microbe. Two possible routes for HSL degradation by bacteria have been proposed previously (22 homoserine (which could be further degraded by established pathways). Such an activity has been shown to be present in mammalian sera, where an HSL lactonase is involved in HSL and homocysteine thiolactone (HCTL) detoxification (13) . However, the mammalian enzyme has no obvious homologues that can be presently identified in any Bacteria or Archaea. Alternatively, an enzyme with an ␣,␥-lyase activity might, in principle, catalyze the concurrent deamination and ring cleavage of HSL, yielding ␣-ketobutyrate and ammonium. HSL and homoserine have been reported to be inhibitors of bacterial and eukaryotic cell growth and health (13, 45) . With the aim of optimizing the cultivation conditions for strain VAI-A, we examined the effect of HSL and homoserine concentration on growth kinetics. Homoserine had no deleterious impact on the growth of the isolate, but HSL was mildly to extremely inhibitory in concentrations above ca. 1 mM (Fig. 6) . When provided as the sole, limiting N nutrient at concentrations below 1 mM, small amounts of HSL also negatively influenced the growth rate (Fig. 5) . Thus, ca. 1 mM appears to be the optimal concentration for in vitro studies on the utilization of this N substrate.
While its environmental fate has been poorly studied, HSL (as well as its sulfur-containing analogue, HCTL) is likely to be frequently encountered in nature, and not just at the sites of acyl-HSL decomposition. Both of these lactones are known to be the products of the housekeeping metabolism of all biota, as they are generated during amino-acyl tRNA editing events (14, 15) as well as during S-adenosyl methionine degradation by several bacterial species (37) . Additionally, intracellularly generated HSL and HCTL are considered to be employed as mediators of starvation sensing by several bacteria species (9, 12) . Because of its rapid growth rate and excellent growth yield on this substrate, Arthrobacter strain VAI-A is a good candidate for use in further investigations of how prokaryotes utilize HSL.
We had originally anticipated that the cocultivation of V. paradoxus VAI-C and Arthrobacter strain VAI-A in 30C6HSL-containing media might result in the latter being outcompeted, inasmuch as strain VAI-A is not able to use this substrate. Yet the performance of V. paradoxus VAI-C and Arthrobacter strain VAI-A growing together on 3OC6HSL was superior to that seen when either of the two was grown alone (Fig. 7) . The growth yield of the coculture was higher than the cumulative yield of the two strains under otherwise identical conditions. Moreover, during the utilization of 30C6HSL as the sole C and N source, the growth rates of each strain in the coculture exceeded those of the pure cultures under the same conditions. We do not yet know the physiological and molecular details underpinning this nutritional symbiosis. Although we have been unable to demonstrate that strain VAI-A is capable of using HSL as an energy source, we postulate that the energy nutrient serving as the tie that binds this consortium is ultimately derived from HSL-carbon but is not HSL itself. V. paradoxus VAI-C is known to release HSL as a product of an acyl-HSL acylase-mediated reaction (20) . Studies have shown that even when this bacterium utilizes HSL as an N source, the lactone ring is not tapped as a growth nutrient. Thus, the carbon and energy of HSL, embodied in the form of an unidentified intermediate, likely become available for utilization by strain VAI-A. The possibility that carbon and energy derived from the HSL lactone ring might track to cells of Arthrobacter strain VAI-A growing in consortia can be examined by combining the techniques of acyl-HSL lactone ring radiolabeling and whole-cell microautoradiography (22, 23) . However, the exact structure of the nutrient passaged between the two strains may prove to be very challenging to identify. This has certainly proven to be the case during studies on consortia engaging in interspecies electron transfer or in anaerobic methane oxidation, wherein H 2 , formate, methanol, and acetate have alternatively been proposed as the energy-rich, free intermediate passaged from one species to another (28, 39, 40) .
That Arthrobacter strain VAI-A can degrade HSL and 3OC6-homoserine by itself and can engage in a nutritional symbiosis with another species that degrades acyl-HSLs suggests that it may be well adapted to fill an oligotrophic niche found in close proximity to or even within quorum-sensing microbial communities. Oxohexanoyl-HSL is a quorum signal known to be produced by a variety of marine and terrestrial quorum-sensing species, i.e., Vibrio fischeri, Pantoea stewartii, Pseudomonas syringae pv. tabaci, and diverse Erwinia species (38) . At circumneutral and higher environmental pHs, acylHSLs produced by quorum-sensing strains rapidly decompose to the corresponding acyl-homoserine, which now can be considered to be subject to a direct degradation by bacteria similar to strain VAI-A. However, at lower pH values (e.g., Ͻ6, which is not uncommonly encountered in soils and other environments), the chemical half-life of acyl-HSL quorum signals increases to weeks or even months. Under such conditions, microbial physiotypes represented by Arthrobacter strain VAI-A appear to be well poised to coordinate their activities with species capable of biochemically degrading acyl-HSLs. Here, we have shown that strain VAI-A can grow synergistically with V. paradoxus, which exhibits an HSL-releasing, acyl-HSL acylase activity. We speculate that because strain VAI-A can utilize 3OC6-homoserine, it might also engage in nutritional interactions with acyl-homoserine-generating biota, e.g., Bacillus cereus, Agrobacterium tumefaciens, and other species expressing acyl-HSL lactonases (Fig. 1) . Microbial consortia now appear likely to play a role in quorum signal turnover and mineralization. This begins to address why neither acyl-HSLs nor their nitrogenous degradation products are known to accumulate in the environment.
